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The WD-repeat domain is a highly conserved
recognition module in eukaryotes involved in
diverse cellular processes. It is still not well
understood how the bottom of a WD-repeat
domain recognizes its binding partners. The
WD-repeat-containing protein EED is one com-
ponent of the PRC2 complex that possesses
histone methyltransferase activity required for
gene repression. Here we report the crystal
structure of EED in complex with a 30 residue
peptide from EZH2. The structure reveals that
the peptide binds to the bottom of the WD-
repeat domain of EED. The structural determi-
nants of EZH2-EED interaction are present not
only in EZH2 and EZH1 but also in itsDrosophila
homolog E(Z), suggesting that the recognition
of ESC by E(Z) in Drosophila employs similar
structural motifs. Structure-basedmutagenesis
identified critical residues from both EED and
EZH2 for their interaction. The structure pre-
sented here may provide a template for under-
standing of how WD-repeat proteins recognize
their interacting proteins.
INTRODUCTION
Since their identification about 20 years ago (Fong et al.,
1986), WD-repeat proteins have been shown to belong
to a large structural family with almost 140 members
in human, as indicated by genome sequence analysis
(Venter et al., 2001). The crystal structure of Gb (Sondek
et al., 1996) provides a template for understanding the
fold of WD-repeat proteins. Subsequent solutions of the
three-dimensional structures of this family of proteins
demonstrate that their folds are remarkably similar despite
low sequence homology among them. The conserved
domain of these proteins contains about 40–60 residues
that form four-stranded antiparallel b sheets (one blade),
generally starting with a Gly-His (GH) dipeptide and end-
ing with a Trp-Asp (WD) dipeptide. In most cases, seven
such conserved domains within a WD-repeat protein are
arranged in a circular manner, forming a b propeller struc-
ture. Although the propeller fold of theWD-repeat proteins
is conserved, these proteins perform highly diverse func-1306 Structure 15, 1306–1315, October 2007 ª2007 Elsevier Ltions, including signal transduction, cell-cycle regulation,
chromatin assembly, cytoskeletal assembly, vesicular
trafficking, and apoptosis (Li and Roberts, 2001). Thus
far, none of the WD-repeat proteins have been demon-
strated to possess any enzymatic activity. The underlying
function of these proteins is to act as a platform to coordi-
nate the assembly of multiprotein complexes. Therefore, it
is crucial to understand the mechanisms by which they
recognize their interacting partners. All but one (Sondek
et al., 1996) of the known structures show that the WD-
repeat-interacting proteins bind to the top (the smaller
flat surface) of the propeller (Gaudet et al., 1996; Han
et al., 2006; Jennings et al., 2006; Lambright et al., 1996;
Orlicky et al., 2003; Wall et al., 1995; Wu et al., 2003) or
the circumference (ter Haar et al., 2000). Several positions
at the top of the propeller turned out to be conserved in
interacting with other proteins, thereby providing a pattern
for understanding their recognition by the WD-repeat
proteins. However, it is still not well understood how the
bottom (the larger flat surface) of the propeller recognizes
other proteins, although it has been predicted so (Smith
et al., 1999).
Polycomb group (PcG) family proteins are highly con-
served across species, ranging from Caenorhabditis
elegans to Drosophila to mammals. Studies from both
Drosophila and mammals demonstrated that these
proteins form at least two multicomponent protein com-
plexes. One of these is Polycomb repressive complex
2 (PRC2), which is believed to initiate silencing of its target
genes (Cao et al., 2002; Kuzmichev et al., 2002; Ng et al.,
1997). Recent landmark investigations have provided
compelling evidence that PRC2 from both fly (Czermin
et al., 2002; Muller et al., 2002) and mammals (Cao
et al., 2002; Kuzmichev et al., 2002) possesses intrinsic
histone methyltransferase (HMTase) activity both in vivo
and in vitro, with a specificity for lysine 27 of histone H3
(H3-K27).
The HMTase activity of PRC2 is conferred by the SET
domain contained at the C terminus of EZH2 in mammals
or E(Z) in Drosophila, one component of the PRC2 com-
plex. The successful purification of Drosophila (Czermin
et al., 2002) and human (Cao et al., 2002; Kuzmichev
et al., 2002) PRC2 has shown that both complexes share
four components. More recent studies on the human
PRC2 indicated that a minimum of three components,
including EZH2, EED (ESC in Drosophila), and SUZ12,
are required for its HMTase activity, whereas the other
two components, RBAP46/48 and AEBP2, may function
by promoting the enzymatic activity of this complex (Caotd All rights reserved
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The Crystal Structure of EED in Complex with EZH2and Zhang, 2004). Both genetic and biochemical evidence
support that the interaction of EED-EZH2 (or ESC-E[Z]
in Drosophila) is essential to PRC2’s HMTase activity
as well as its function (Cao et al., 2002; Czermin et al.,
2002; Denisenko et al., 1998; Jones et al., 1998; Kuzmi-
chev et al., 2002; Schumacher et al., 1996; Sewalt et al.,
1998; van Lohuizen et al., 1998). This kind of molecular
partnership between EED and EZH2 is conserved not
just in mammals and Drosophila but also in C. elegans,
as the C. elegans proteins MES-2 and MES-6, the homo-
logs of EED and EZH2, respectively, also exist in a com-
plex with HMTase activity for H3-K27 (Bender et al., 2004).
To examine the molecular basis of the specific recogni-
tion of EZH2 by EED, we set out to map the EED-interact-
ing domain in EZH2 and found that a 30 residue peptide of
EZH2 was both necessary and sufficient for its interaction
with EED.We then determined the crystal structure of EED
in complex with this peptide at a 1.82 A˚ resolution. The
structure reveals that this peptide binds to the bottom
rather than the top of the WD-repeat domain of EED.
Structural analysis of this complex provides insight into
how EED and its Drosophila homolog ESC recognize
EZH2 and E(Z), respectively.
RESULTS
The Minimal EED-Binding Domain in EZH2
Interaction between EED and EZH2 has been genetically
and biochemically documented (Denisenko et al., 1998;
Jones et al., 1998; Schumacher et al., 1996; Sewalt
et al., 1998; Tie et al., 1998; van Lohuizen et al., 1998).
To map the minimal EED-interacting domain from EZH2,
we characterized the EED-EZH2 interaction by using
purified recombinant proteins from Escherichia coli. A
longer N-terminal fragment of EZH2 (residues 1–259)
could form a stable complex with the full-length EED, as
indicated by pull-down assay (Figure 1C). In contrast, a
C-terminal domain containing residues 259–742 did not
exhibit detectable interaction with EED (Figure 1C) under
the same conditions. Subsequent limited proteolysis and
mass spectrometry assay identified a 30 residue peptide
of EZH2 (residues 39–68) that still retained its ability to
bind to the full-length EED (Figure 1C) and an N-terminal
truncated form of EED (residues 81–441, referred to as
EEDDN) (data not shown). This agrees well with a previous
study showing that a peptide (residues 40–72) in E(Z) is
sufficient for interaction with ESC (Jones et al., 1998). To
investigate whether this EED-binding domain (hereafter
referred to as EBD) is the only region required for the inter-
action of EZH2 with EED in vitro, various fragments of
EZH2 were tested for their ability to bind to the full-length
EED by pull-down assay. As shown in Figure 1C, the re-
sults from these assays indicated that other fragments
of EZH2 that did not incorporate EBD showed no detect-
able interaction with either the full-length EED or EEDDN
(data not shown). To further validate the interaction be-
tween EED and EBD, we measured their binding affinity
using the isothermal titration calorimetry (ITC) technique.
The ITC results showed that EBD interacts with theStructure 15, 1306–full-length EED and EEDDN with a similar dissociation
constant of 0.38 mM (Figure 1B). EED can also bind almost
equally well EBD in EZH1 (residues 40–71), another human
homolog of Drosophila E(Z) protein, with a dissociation
constant of 0.57 mM.
To reveal the structural basis for the specific recognition
of EZH2 by EED, we crystallized EEDDN in complex with
EBD. The structure of this complex was determined by
using selenomethionine multiple-wavelength anomalous
diffraction (MAD). The final atomic model was refined to
resolution 1.82 A˚ with crystallographic working and free
factors of 18.8% and 21.8%, respectively (Table 1).
The Structure of EED
As predicted from its primary sequence, EED folds into
a typical WD-repeat structure, with seven copies of the
WD-repeat motif forming the seven-bladed propeller
structure (Figure 2A). Although the primary sequence of
EED shares limited identity (less than 18% over the WD-
repeat region) with other WD-repeat proteins including
Tup1, Gb, and Ski8p, structural comparison indicates sig-
nificant structural conservation among these four proteins
in the WD-repeat domain (Figure 2B). However, the EED
structure exhibits differences from these three WD-repeat
proteins (Figure 2B). One difference derives from the in-
sertion of an a helix formed by residues 267–280 in EED
(Figures 2B and 2C), which connects blades 3 and 4
(Figure 2A) and lies down at the edge of blade 3 and
runs almost perpendicular to the pseudo-seven-symme-
try axis. This a helix is supported by an extra short strand
formed by residues 291–295 in EED (Figures 2B and 2C)
and the regular b strands C and D from blade 3. Together
with other four regular strands from blade 3, this extra
strand forms a variant five-strand blade (normally one
blade contains four antiparallel strands) that was also
seen in cdc4 (Orlicky et al., 2003). Other variant blades
were also observed in some WD-repeat-containing struc-
tures. For example, a six-strand blade was identified in the
structure of Tup1 (Sprague et al., 2000). This short a helix
in EED seems to be critical for the stability of blade 3 and
thereby affects the whole WD-repeat domain, because it
packs, mainly through hydrophobic interaction, against
the residues within blade 3. M270 and I274 from the helix
form extensive hydrophobic contacts with residues L205,
L217, V226, A227, F229, and I265 from blade 3, whereas
Y278 forms one pair of hydrogen bonds with the two car-
boxylate oxygens of D201 (not shown). Another noticeable
difference occurs around the loop formed by residues
336–348 (Figures 2B and 2C) connecting strands C and
D in blade 5, which is much longer than those in the
same region of other WD-repeat proteins (Figure 2B).
In the crystal structure, two EED mutants (Schumacher
et al., 1996), lethal mutation I290P (corresponding to I193
in our crystal structure) and hypomorphic mutation L287N
(corresponding to L196 in our crystal structure), are sub-
stantially buried in the solvent-inaccessible propellers
(Figures 2A and 2C), indicating that these two residues
are essential to maintaining the structural integrity around
this region. Therefore, loss of function of these two EED1315, October 2007 ª2007 Elsevier Ltd All rights reserved 1307
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The Crystal Structure of EED in Complex with EZH2Figure 1. A 30 Residue Peptide from EZH2 Is Necessary and Sufficient to Bind to EED
(A) Summary of binding studies between full-length EED and various EZH2 fragments shown in (C).
(B) Measurement of binding affinity between EED and EED-binding domain (EBD) in EZH2 (39–68) by isothermal titration calorimetry (ITC). Shown here
is a representative ITC run between full-length EED and EBD. Data fitting revealed a binding affinity of 0.38 mM. The interaction between EED and other
EZH2 fragments was not characterized by ITC.
(C) SDS-PAGE gel for interaction between EED and various EZH2 fragments. The purified EED (His-tagged) bound to Ni2+-NTA agarose was used to
pull down various GST-fused EZH2 fragments. The bound EZH2 protein was visualized by SDS-PAGE with Coomassie staining. The performance of
each EZH2 fragment in the pull-down assay is indicated to the right (+/).mutants may result from disruption of the stability or fold-
ing of the domain as a whole. Consistent with this hypoth-
esis, neither of the two mutant proteins was soluble when
expressed in bacteria (data not shown).
Overall Structure of the Complex
The interaction between EBD and EED results in a 1:1
stoichiometric complex and a total burial of 2955 A˚2 of
exposed surface area. The overall EEDDN-EBD complex
adopts a compact and globular structure (Figure 3A). In
the complex, the bound EBD espouses a conformation
starting from the long N-terminal a helix followed by a rigid
coil in the C terminus (Figure 3A). EBD diametrically fits
into a pronounced groove primarily assembled by nine
loops from the bottom of the WD-repeat domain. Com-
pared to other WD-repeat-interacting proteins (except
Gg; see below) that were shown to interact with the
top of the WD-repeat domain, EBD binds to the bottom.1308 Structure 15, 1306–1315, October 2007 ª2007 Elsevier LtdRecognition of this binding groove by EBD is through ex-
tensive, though not complete, charge (Figure 3B) and sur-
face complementarity (Figure 3C).
Specific Recognition of EBD by EED
The specific recognition of EBD by EED is through a high
density of van der Waals contacts and a large network of
hydrogen bonds. The interaction between the C-terminal
rigid coil of EBD with EED is dominated by the van der
Waals contacts. Val68, residing at the C terminus of
EBD, inserts deeply into a hydrophobic pocket con-
structed by the side chains of V112, L123, W152, P161,
and P177 from EED. The close packing of I65 against
the hydrophobic residues Y154 and P161 also aids the
interaction of the C terminus of EBD with EED (Figure 4A).
Reinforcing these hydrophobic interactions, hydrogen
bonds are also formed at the C terminus of EBD with
EED (Figure 4A).All rights reserved
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The Crystal Structure of EED in Complex with EZH2Table 1. Summary of Crystallography Analysis
Data Set Native Peak Inflection Remote
Wavelength (A˚) 1.10 0.9791 0.9793 0.964
Resolution (A˚) 99.0–1.82 99.0–2.6 99.0–2.6 99.0–2.6
Unique reflections 30,811 10,901 10,887 10,926
Completeness (outer shell) (%) 99.0 (98.7) 99.5 (97.9) 99.3 (96.8) 99.6 (98.3)
Rsym (outer shell) 0.062 (0.36) 0.121 (0.392) 0.116 (0.398) 0.117 (0.373)
Data redundancy 6.8 11.3 11.2 11.2
Average I/s (outer shell) 35.2 (3.9) 20.4 (3.8) 19.6 (3.4) 19.7 (4.0)
Mean figure of merit (20.0–2.8 A˚) 0.68
Refinement
Resolution range (A˚) 20–1.82
Number of atoms (water) 3,494 (390)
Completeness (%) 99.0
Rwork (Rfree) (%) 18.5 (21.8)
Rmsd bond length (A˚) 0.006
Rmsd bond angles () 1.39
Ramachandran plot
Most favored (%) 89.0
Additionally allowed (%) 11.0
Generously allowed (%) 0.0
Disallowed (%) 0.0
Rsym = ShSijIh,i  Ihj/ShSiIh,i, where Ih is the mean intensity of the i observations of symmetry-related reflections of h. R = SjFobs 
Fcalcj/SFobs, where Fobs = FP, and Fcalc is the calculated protein structure factor from the atomicmodel (Rfree was calculatedwith 5%
of the reflections). Root-mean-square deviations (rmsd) in bond lengths and angles are the deviations from ideal values, and the
rmsd deviation in B factors is calculated between bonded atoms.Hydrogen bonds, by contrast, seem to contribute more
to the binding of the N-terminal a helix of EBD to EED than
to the C-terminal rigid coil, for an elaborate hydrogen net-
work is formed surrounding this region. At the center of
this network, the conserved residue N45 of EBD makes
two hydrogen bonds with the carbonyl oxygen of L315
and the backbone amide of D317 (Figure 4B), supporting
the N-terminal a helix of EBD in the binding groove of
EED, which is further buttressed by the flanking hydrogen
bonds and salt bridges formed between EED and EBD
(Figure 4B). Despite this intricate hydrogen network, hy-
drophobic contacts mediated by F42, I49, and L56 are
also involved in EED-EBD interaction. F42 makes exten-
sive van der Waals contacts with EED through inserting
into a hydrophobic pocket created by the residues of
L318, L353, L391, and P396 (Figure 4B). In addition, L56
of EBD also mediates considerable hydrophobic contacts
with residues of P200, L246, and F372, whereas I49 of
EBD packs closely with L315, the aliphatic portion of
Q374, and the Ca atom of G316 (Figure 4B).
Mutational Analysis
To corroborate the interaction between EBD and EED
observed in our crystal structure, we generated a numberStructure 15, 1306–13of missense mutations in both EBD and EED and exam-
ined the interactions with their wild-type partners by using
purified recombinant proteins. As a positive control, the
native EBD interacts stably with the wild-type full-length
EED (Figure 4C). Mutation of I49 located in the central
part of the a helix (Figure 4B) to the negatively charged
residue Glu completely disrupted its interaction with
EED (Figure 4C, right panel). Consistent with structural ob-
servations (Figures 4A and 4B), mutants F42E, N45A,
L56E, and V68E in EBD abolished or significantly compro-
mised their interaction with full-length EED (Figure 4C,
right panel). Although P67 of EBD makes hydrophobic
contact with only one residue, V112, of EED (Figure 4A),
the mutant P67D also disrupted its interaction with EED
(Figure 4C, right panel). The reason for this may be that
this mutation not only disrupted its hydrophobic interac-
tion but also added conformational freedom, owing to
removal of the Pro residue that could in turn disturb its sur-
rounding contacts. Three of the five residues (F42, N45,
I49, L56, and V68) are not conserved between EZH2 and
E(Z) (Figure 4D), probably reflecting the subtle difference
in the binding grooves of EED and ESC. In agreement
with our current result, mutant N40A in E(Z), the equivalent
of N45 in EZH2, also abolished its interaction with ESC15, October 2007 ª2007 Elsevier Ltd All rights reserved 1309
Structure
The Crystal Structure of EED in Complex with EZH2Figure 2. Structure of EED
(A) Overall structure of EED shown in cartoon representation. The seven blades of the WD repeat of EED are numbered from 1 to 7 and the strands
within each blade are designated A to D by convention. The two mutants are highlighted in green.
(B) The superposition of EED and other WD-repeat-containing proteins.
(C) Sequence alignment between EED and its Drosophila homolog ESC. The secondary structural elements of EED are shown at the top of the
alignment. Residues highlighted in red background are identical between EED and ESC, whereas conserved substitutions are shown in red letters.
Residues with blue squares on top are involved in hydrogen bonding, and those marked with green squares are involved in hydrophobic interaction.
The solid magenta circles indicate the two genetic mutants (Schumacher et al., 1996).(Jones et al., 1998), as this mutation would disrupt two
hydrogen bonds (Figure 4B). However, mutation of L51A
in E(Z), corresponding to L56 in EZH2, still retained its abil-
ity to bind to ESC (Jones et al., 1998), indicating that
a small but hydrophobic residue in this position can still
be tolerated by the binding groove on ESC. Based on
our mutational results, we predict that mutation of L51 to
a charged residue, such as Glu, will render E(Z) unable
to bind ESC. In contrast, the control mutant L50E that is
not involved in contact with EED in our structure has no1310 Structure 15, 1306–1315, October 2007 ª2007 Elsevier Ltdetectable effect on its interaction with EED (Figure 4C,
right panel). With the exception of N45, mutation of all
the other EBD residues involved in hydrogen bonds with
EED did not noticeably affect their abilities to bind EED
in the pull-down assay (data not shown).
In contrast with EBD, only one mutant, L246E, in EED
was identified that could completely disrupt its interaction
with EBD (Figure 4C, left panel), although a large number
of mutants have been tested, agreeing with the fact that
many more residues from EED than from EZH2 ared All rights reserved
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The Crystal Structure of EED in Complex with EZH2Figure 3. EBD Binds to a Well-Defined
Groove at the Bottom of EED
(A) A schematic representation of EED and the
EED-binding domain in EZH2 (EBD) (residues
39–68). EED and EBD are shown in cyan and
orange, respectively.
(B) Electrostatic complementarity between
EED and EBD. Both EED and EBD are repre-
sented in electrostatic surface. The positive,
negative, and neutral surfaces are colored in
blue, red, and white, respectively. To distin-
guish between EED and EBD, EBD is also
shown as a cartoon (cyan).
(C) Shape complementarity between EED and
EBD. EED and EBD are represented in mesh
and surface, respectively.involved in their interaction with each other. The signifi-
cantly diminished interaction of EED mutant G316A with
EBD (Figure 4C, left panel) likely resulted from disruption
of its hydrogen bonds with N45 of EBD (Figure 4B),
whereas mutant L315E would abolish its hydrophobic
interaction with F42 and I49 of EBD (Figure 4A) and
thereby decrease its binding affinity for EBD (Figure 4C,
left panel).
A Few Sites in the WD-Repeat Motif of EED
Dominate Its Contacts with EBD
Previous studies indicated that three positions on the top
of the WD40-repeat domain are repeatedly involved in
interaction with its binding proteins (Gaudet et al., 1996;
Han et al., 2006; Wu et al., 2003). Our structure prompted
us to examine whether the positions involved in the inter-
action with EBD at the bottom of the WD-repeat domain
of EED are conserved. Remarkably, 11 out of 24 residues
(Figure 2C) involved in interaction with EBD are from the
end of strand A or the start of strand B. Eight of these
residues are from strand A, including position A  1
(immediately prior to the end of strand A), position A + 1
(immediately after strand A), or position A + 2 (one residue
after strand A). Six (three overlap with those from the end
of strand A) of these residues are located at the start of
strand B, B  1 (one residue prior to strand B), B, and
B + 1 (one residue after strand B). These suggest that
the end of strand A and the start of strand B at the bottom
of a WD-repeat domain are likely frequently employed for
interaction with other proteins.Structure 15, 1306–1Structural Comparison of the EED-EBD Complex
and G Protein bg Dimer
Although many WD-repeat-containing structures are
available, the G protein bg dimer is the only one showing
that the bottom of a WD-repeat domain can be a site for
interacting with other proteins (Sondek et al., 1996). Struc-
tural comparison (Figure 5) reveals differences between
the EED-EBD complex and the G protein bg dimer. Gg
adopts an extended conformation for interaction with
the ‘‘edge’’ of the WD domain of Gb. Therefore, the inter-
action between Gg and the WD-repeat domain of Gb is
mainly mediated by the residues from the region between
two neighboring propellers, and no residue from the cen-
ter region at the bottom is involved in this interaction. In
addition, a parallel coiled-coil interaction between the N
terminus of Gg and the N-terminal helix (outside the WD-
repeat domain) of Gb plays an important part in the com-
plex (Figure 5A). By contrast, EBD spans the center at the
bottom of theWD-repeat domain of EED (Figure 5A). Inter-
action with EBD is exclusively mediated by the residues
from the WD-repeat domain of EED. Interestingly, the
position of F42 in EBD is quite similar to that of F540 in
Gg, which also binds to a hydrophobic pocket between
two neighboring propellers (Figure 5B).
DISCUSSION
The WD-repeat domain as a scaffold for protein interac-
tion can bind many different proteins, and is therefore
involved in diverse biological processes. Thus far, the315, October 2007 ª2007 Elsevier Ltd All rights reserved 1311
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The Crystal Structure of EED in Complex with EZH2Figure 4. Specific Recognition of EZH2
by EED
(A) A close-up view of the interaction between
the C terminus of EBD and EED. EED and
EBD are shown in orange and cyan, respec-
tively. The side chains from EED involved in
the interaction with EBD are highlighted in
magenta, whereas those from EBD are colored
in yellow. Red and blue represent oxygen and
nitrogen atoms, respectively. The hydrogen
and salt bonds are indicated by dashed dots.
(B) A close-up view of the interaction between
the N terminus of EBD and EED.
(C) Biochemical analysis of the EED-EBD in-
teraction. Wild-type or various GST-EBD (resi-
dues 39–68) mutants were immobilized on
glutathione resin, and the wild-type or various
EED mutant proteins were allowed to flow
through the resin. After washing, the bound
protein was visualized by Coomassie blue
staining. Shown on the left is the wild-type
GST-EBD pull-down of various EED mutants,
whereas in the right panel are various GST-
EBD mutant pull-downs of wild-type EED
protein.
(D) Sequence alignment of the EBD of EZH2
with those of EZH1, ENX1, ENX2, and E(Z).
Residues involved in intermolecular van der
Waals contacts and hydrogen bonds/salt
bonds are indicated by blue and red squares
on top, respectively.crystal structures of complexes consisting of WD-repeat
proteins and modeling combined with functional studies
showed that the top of the WD-repeat domain is a major
site where its interacting proteins bind. Our current struc-
ture shows that EBD binds to the bottom of theWD-repeat
domain of EED, together with the structure of theG protein
bg dimer (Sondek et al., 1996), demonstrating that the bot-
tom of the WD-repeat motif can also function as a binding
site for recognition of its interacting proteins. A few sites at
the bottom of theWD-repeat that dominate the interaction
of EED with EBD may also be important for other WD-
repeat-containing proteins to recognize their interacting
partners.
EZH2 and EZH1 bind EED equally well, raising the ques-
tion of the specificity for recognition of EED by EBD. Of the
14 EBD residues involved in interaction with EED, 6 are1312 Structure 15, 1306–1315, October 2007 ª2007 Elsevierinvariant between EZH2 and EZH1 (Figure 4D). Among
these invariant residues, N45, L56, and V68 seem to
make significant contributions to the binding of EBD to
EED, whereas the remaining three are less important. In
contrast, a variant residue, I65 in EBD, located at the junc-
ture of the a helix and rigid coil (Figure 4B), is critical for an-
choring the entire peptide into the pocket. The close prox-
imity of this residue to its neighboring residues from EED
considerably circumscribes the size of the residue at this
position and leaves little room to accommodate bulkier
residues such as Trp. Thus, although the residue at this
position is not conserved among EZH2, EZH1, and E(Z),
they are of small size (Figure 4D). Of particular interest is
residue I49 of EZH2, mutation of which to Glu completely
disrupted the interaction between EBD and EED. Com-
pared with F42, I49 makes fewer hydrophobic contactsFigure 5. Structural Comparison of the
EED-EBD Complex and Gbg Dimer
Superposition of the EED-EBD complex and
Gbg dimer (Protein Data Bank ID code:
1TBG2) is viewed from two different angles.
EED, EBD, Gb, and Gg are colored in orange,
cyan, magenta, and light pink, respectively.
The two labeled residues shown in stick form
are from EBD (marine) and Gg (slate).Ltd All rights reserved
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The Crystal Structure of EED in Complex with EZH2with EED (Figure 4B). But why did mutation of the latter
residue have a similar effect on the interaction? The rea-
son for this may be that mutation of this residue to Glu
will abolish its hydrophobic contribution to the binding.
Additionally, if the formation of the a helix within EBD is in-
duced by the EED-EBD interaction, themutant I49E would
generate a deleterious effect on this, probably because of
the central location of this residue in this a helix. Interest-
ingly, the only identified mutant from EED that could dis-
rupt its interaction with EBD, L246E, also makes contacts
with I49 of EBD. Because the important residues in the
interface of EED-EBD are conserved or similar in size in
both EED and EZH2 family proteins, we predict that the
recognition of E(Z) by ESC also involves the same inter-
faces as those observed in the structure of the EED-EBD
complex, therefore serving as a general framework for un-
derstanding the interaction between the EED and EZH2
family proteins.
Although ESC is not required for PRC2 binding to the
nucleosome, it plays an important role in boosting PRC2
HMTase activity (Nekrasov et al., 2005). One recent study
suggested that ESC likely does so through the interaction
of its N terminus with histone H3, thus promoting recogni-
tion of the H3 substrate by the catalytic subunit E(Z) (Tie
et al., 2007). The EED-EZH2 or ESC-E(Z) interaction has
been demonstrated to be required for the HMTase activity
Figure 6. A Potential Protein-Interacting Site Formed by
Residues on the Top of EED
EED is shown in surface representation. The residues labeled are the
corresponding ones inDrosophila that generated loss-of-function phe-
notypeswhenmutated. The positive, negative, and neutral surfaces for
these residues are colored in blue, red, and white, respectively.
Note: In Drosophila, the double mutant G210A/G211A (Ng et al., 1997)
and single mutant M236K (Tie et al., 1998) generated strong loss of
function, whereas the triple mutant R216A/D217A/E218A (Ng et al.,
1997) generated modest loss of function.Structure 15, 1306–1of PRC2 (Cao et al., 2002; Czermin et al., 2002; Denisenko
et al., 1998; Jones et al., 1998; Kuzmichev et al., 2002;
Schumacher et al., 1996; Sewalt et al., 1998; van Lohuizen
et al., 1998). The WD-repeat region, but not the N termi-
nus, of EED (or ESC) is absolutely required for this interac-
tion (Denisenko et al., 1998; Jones et al., 1998; Sewalt
et al., 1998; Tie et al., 1998; van Lohuizen et al., 1998), in
complete agreement with the structural observation. The
N-terminally truncated ESC can still be incorporated into
the PRC2 complex (Tie et al., 2007), indicating that recog-
nition of E(Z) by ESC is independent of ESC-H3 interac-
tion. Taken together, these data suggest that binding of
EBD to EED appears to play an important role in PRC2
HMTase activity by recruiting EED, which in turn presents
the histone H3 substrate to the catalytic component
EZH2.
In addition to E(Z) and histone H3, EED was also shown
to bind to several other proteins (Cao and Zhang, 2004).
Analysis of mutation data would provide clues as to
what region may mediate protein-protein interaction be-
fore the structures of EED complexed with other interact-
ing proteins become available. Unfortunately, no other
mutants for EED have been characterized, except for the
aforementioned two that could destabilize the whole
structure and therefore provide little help for this purpose.
However, InDrosophila, several site-directed mutations of
ESC have been reported, several of which producedmod-
est or strong loss of function (Ng et al., 1997; Tie et al.,
1998). These loss-of-function mutants are highly con-
served in EED (Figure 2C) and form a solvent-exposed
region in its structure (Figure 6), suggesting that residues
around this region are likely involved in interacting with
other protein(s), including other subunits of PRC2. On
the top surface of EED, adjacent to this solvent-exposed
region (Figure 6), is a cluster of hydrophobic residues
comprising F97, Y148, M256, I363, W364, and A411 that
are fairly conserved between EED and ESC (not shown).
M256 in EED is located around the top center, whereas
the single mutation of the corresponding residue M236K
in Drosophila generated a strong loss-of-function pheno-
type (Tie et al., 1998). These suggest that the region
around the top center of the WD-repeat domain of ESC
is likely involved in interacting with other protein(s). The
results here do not support that this region in ESC is in-
volved in interaction with E(Z). However, it is important
to note that the assays used here have limitations, as
the isolated EED and EZH2 fragments were used for
both structural and binding studies. We therefore cannot
rule out the possibility that another domain(s) of ESC is
also involved in interaction with E(Z) for the full function
of PRC2.
The high-resolution crystal structure of EED in complex
with EBD presented here reveals a peptide-binding
pocket at the bottom of EED. One recent study (Schle-
singer et al., 2007) suggests that methylation of H3-K27
mediated by the EZH2-containing Polycomb complex
plays an important role in carcinogenesis, whereas our
structural and mutagenesis studies indicate that this
peptide-binding groove mainly lined with hydrophobic315, October 2007 ª2007 Elsevier Ltd All rights reserved 1313
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The Crystal Structure of EED in Complex with EZH2residues can be important to the function of the PRC2
complex. Thus, EED is a potential cancer target for
designing small molecules to interfere with the binding of
EZH2 to EED.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
All the constructs were generated by standard PCR-based cloning
strategy and their identities were confirmed by sequencing. The
EED-binding domain (EBD) in EZH2 (residues 39–68) was cloned into
the vector pGEX-6P-1 (Pharmacia) and EED (residues 81–441) into
the vector pET30a. These two proteins were coexpressed in Escheri-
chia coli strain BL21 (DE3). The EBD-EED complex was first purified
on a glutathione sepharose column (Pharmacia). After removal of glu-
tathione-S-transferase (GST) by PreScission protease, the complex
was further fractionated by anion-exchange (Source-15Q; Pharmacia)
and gel-filtration chromatography (Superdex-200; Pharmacia). For
crystallization, the purified complex from gel filtration was further con-
centrated to 15.0 mg/ml. All the EED (His6-tagged) mutants and EZH2
mutants, as well as various fragments (GST-fused), were purified
separately for protein-protein interaction assay.
Crystallization and Data Collection
Crystals of EBD-EED complex were generated by mixing the complex
with an equal amount of well solution by the hanging-drop vapor-diffu-
sion method. The complex was crystallized in buffer containing 20%
PEG monomethyl ether 2000, 0.2 M NaCl, 100 mM HEPES (pH 7.5).
These crystals belonged to the P2(1)2(1)2(1) space group, with one
complex molecule in each asymmetric unit and a unit cell, a =
50.11 A˚, b = 52.74 A˚, c = 127.74 A˚, and a = b = g = 90.0. Crystals
were equilibrated in a cryoprotectant buffer containing reservoir buffer
plus 15.0% glycerol (v/v). The native andMAD data sets for these crys-
tals were collected at Beijing Synchrotron Radiation Facility (BSRF)
beamline 3W1A and processed using the software Denzo and Scale-
pack (Otwinowski and Minor, 1997).
Structure Determination and Refinement
SOLVE (Terwilliger, 2004) was used to determine the positions of sele-
nium sites. The initial phases were calculated and further improved by
solvent flattening using RESOLVE (Terwilliger, 2004). Amodel was built
into the MAD electron density map using the program O (Jones et al.,
1991). The initial model was first subjected to rigid-body refinement
and then annealing, position, and B factor refinement using CNS
(Brunger et al., 1998). The final refined atomicmodel contains EED res-
idues 81–441, EZH2 residues 40–68, and 390 water molecules. Resi-
dues 281–287 from EED have no electron density and are presumed
to be disordered in the crystals.
In Vitro Interaction Assay
GST-mediated pull-down assays were used to investigate the inter-
action between various point mutants of EED or EBD with their wild-
type partners. Approximately 200 mg of various EBD (residues 39–68)
mutants fused with GST was bound to glutathione sepharose and in-
cubated with an excess amount of wild-type EED (full-length) at
room temperature for 1.0 hr. After extensive washing using buffer con-
taining 25 mM Tris (pH 8.0), 100 mM NaCl, and 3.0 mM dithiothreitol
(DTT), the bound protein was visualized by Coomassie staining follow-
ing SDS-PAGE. To test the interaction between EBD and EED variants,
various EED mutants were purified and incubated with GST-EBD that
was bound to glutathione sepharose. For washing and detection of the
bound proteins, similar protocols were followed. To detect the interac-
tion between EED and different fragments of EZH2, the purified EED
(His6-tagged) bound to Ni
2+-NTA agarose was used to pull down var-
ious GST-fused EZH2 fragments. The washing buffer is the same as
above except that it did not contain DTT. The bound EZH2 protein
was visualized by SDS-PAGE with Coomassie staining.1314 Structure 15, 1306–1315, October 2007 ª2007 Elsevier LtIsothermal Titration Calorimetry
To obtain a direct binding affinity between EED and EBD, 0.1 mM EBD
(residues 39–68) or EZH1 (residues 40–71) was titrated against 9 mM
full-length EED or EEDDN (residues 81–441) using a VP-ITC microcal-
orimeter (MicroCal). All proteins were prepared in a buffer containing
25 mM HEPES (pH 8.0), 150 mM NaCl. The titration data, collected
at 25C, were analyzed using ORIGIN data analysis software (MicroCal
Software).
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